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Introduction {#sec005}
============

Alongside their roles in hemostasis and thrombosis, platelets have emerged as key effectors of host-defense \[[@pone.0223444.ref001]\]. Platelets participate in this process principally via cross-talk with leukocytes, where platelets enhance a number of host-defense functions including neutrophil extracellular trap (NET) formation \[[@pone.0223444.ref002]\] and effective antigen presentation \[[@pone.0223444.ref003]\]. Platelets are able to mediate these inflammatory responses partly via expression of Toll-like receptors (TLRs) \[[@pone.0223444.ref004]--[@pone.0223444.ref006]\]. TLRs are crucial host-defense mechanisms and some TLRs are important in eliciting platelet-mediated inflammation \[[@pone.0223444.ref006]--[@pone.0223444.ref010]\].

The involvement of platelets in shaping inflammation is complex. Recent evidence suggests that, in addition to their role in promoting inflammation, platelets provide anti-inflammatory cues to dampen leukocyte responses during excessive inflammation \[[@pone.0223444.ref011]\]. For example, platelets can attenuate the production of pro-inflammatory cytokines \[[@pone.0223444.ref012], [@pone.0223444.ref013]\] and reactive oxygen species (ROS) \[[@pone.0223444.ref014], [@pone.0223444.ref015]\], and attenuate expression of activation markers \[[@pone.0223444.ref016]\] by immune cells in response to inflammatory stimuli. In light of these findings, platelets are increasingly appreciated as immune regulators, rather than purely pro-inflammatory cells. Interestingly, this regulatory response has been characterized in a number of inflammatory diseases where platelets are also known to be predominant drivers of leukocyte infiltration and leukocyte-mediated inflammation \[[@pone.0223444.ref017]--[@pone.0223444.ref019]\]. The dynamicity in platelet responses may be a mechanism to enhance, and then temper, an inflammatory response \[[@pone.0223444.ref020]\] to prevent rampant host damage \[[@pone.0223444.ref011]\] and is also both context- and stimulus-dependent \[[@pone.0223444.ref011], [@pone.0223444.ref021]\].

We have previously investigated the role of platelets in regulating leukocyte-mediated inflammation in response to TLR stimulation \[[@pone.0223444.ref016]\]. In addition to examining other leukocyte populations, we showed that platelets attenuated neutrophil elastase secretion and expression of the activation marker, CD66b, in response to *in vitro* stimulation with lipopolysaccharide (LPS, a TLR4 agonist), Pam3CSK4 (a TLR2/1 agonist) and fibroblast-stimulating lipopeptide (FSL)-1 (a TLR2/6 agonist). We examined this particular subset of platelet-TLRs as we have previously shown that platelets elicit very different patterns of activation in response to these prototypical TLR agonists. We \[[@pone.0223444.ref006]\] and others \[[@pone.0223444.ref007], [@pone.0223444.ref008], [@pone.0223444.ref022]\] have consistently shown that platelets become directly activated in response to Pam3CSK4, but platelets show minimal activation following incubation with either LPS or FSL-1 \[[@pone.0223444.ref002], [@pone.0223444.ref006], [@pone.0223444.ref008]\]. However, although not able to induce platelet activation or aggregation, LPS has been shown to facilitate platelet-neutrophil aggregation and subsequent robust production of neutrophil extracellular traps (NETs) \[[@pone.0223444.ref002]\]. These results suggest that platelets may mediate a more complex effect to LPS and FSL-1 via their interaction with leukocytes.

Due to the broad nature of our previous study, where we aimed to assess how platelets modulated the function of various leukocyte subsets, we did not examine neutrophil function beyond these two measurements. Thus, a detailed description of the platelet effect on neutrophil responses to TLR stimulation has yet to be conducted. This is particularly important given that platelets can exert both pro-inflammatory \[[@pone.0223444.ref002], [@pone.0223444.ref023], [@pone.0223444.ref024]\] and anti-inflammatory \[[@pone.0223444.ref016], [@pone.0223444.ref025]--[@pone.0223444.ref027]\] effects on neutrophils in response to various other stimuli. We suggest that different platelet phenotypes can be triggered in a stimulus-specific manner, and this has yet to be fully examined in response to TLR stimulation. Here, we aimed to determine the extent to which platelets can modulate neutrophil responses to *in vitro* stimulation with TLR4, TLR2/1, and TLR2/6 agonists.

Materials and methods {#sec006}
=====================

Neutrophil and platelet isolation {#sec007}
---------------------------------

Ten healthy subjects (5 male, mean age 26 ± 3 years) were recruited into this study. Ethical approval was granted by the University of Otago Human Ethics Committee (HE16/004). Ten mL blood was drawn by venipuncture from each subject. Neutrophils were isolated from EDTA-anticoagulated blood by magnetic negative selection as per manufacturer's instructions (Miltenyi Biotec, Bergish Gladbach, Germany). Neutrophils were then washed and resuspended in culture media (10% FCS, 2 mM L-glutamate, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.01M HEPES buffer, 0.1% β-mercaptoethanol, 0.01 nM non-essential amino acids) to 10^6^ neutrophils/mL. Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) were isolated from hirudin-anticoagulated blood by centrifugation at 200 x g for 12 minutes or at 1500 x g for 12 minutes, respectively. PRP was adjusted to 2.5x10^8^ platelets/mL in phosphate-buffered saline (PBS; 145 mM NaCl, 8.7 mM Na~2~HPO~4~, 1.3 mM NaH~2~PO~4~). PPP was similarly diluted in PBS. PRP and PPP were used to assess the platelet effect on markers of neutrophil activation by flow cytometry. PRP was also used to produce washed platelets (WPs). Briefly, PRP was diluted in PBS with 1 μM prostaglandin E1, pelleted, and platelets were resuspended to 2.5x10^8^ platelets/mL in culture media. WPs were used to assess the platelet effect on neutrophil phagocytosis. Platelets are quiescent during isolation from whole blood and prior to culture, as platelets did not stain positively for PAC1, a platelet activation marker, by flow cytometry ([S1 Fig](#pone.0223444.s001){ref-type="supplementary-material"}). Platelets also remain quiescent when cultured alone (in the absence of TLR stimulation and neutrophil co-culture) for 4 hours (also [S1 Fig](#pone.0223444.s001){ref-type="supplementary-material"}).

*In vitro* TLR stimulation {#sec008}
--------------------------

To assess markers of neutrophil activation by flow cytometry, neutrophils were cultured with PRP in a ratio of 1:250 neutrophils: platelets (+ platelets). An equal amount of PPP was added to neutrophil-only cultures (- platelets). We have previously demonstrated that platelets exert their effect on leukocytes in a dose-dependent manner, and that this effect was most apparent at a neutrophil: platelet ratio of 1:250 \[[@pone.0223444.ref016]\]. In observance to this previous finding, we have employed the same neutrophil: platelet ratio in this study. To assess neutrophil phagocytosis, neutrophils were cultured either with WPs (+ platelets) or culture media (-platelets) and incubated with FITC-labelled rabbit IgG-coated latex beads (Cayman Chemicals, Ann Arbor, MI, USA) in a ratio of 1 μL of latex beads to every 200 μL culture media. For both neutrophil activation and phagocytosis, neutrophils ± platelets were left unstimulated or stimulated with 1 and 100 ng/mL of the following for 4 hours at 37°C/5% CO~2~: LPS from *Escherichia coli* serotype R515 (a TLR4 agonist; Enzo Life Sciences, Farmingdale, NY, USA); Pam3CSK4 (a TLR2/1 agonist; Tocris Bioscience, Bristol, UK) and FSL-1 (a TLR2/6 agonist; Santa Cruz Biotechnology, Santa Cruz, CA, USA). LPS and FSL-1 were guaranteed by the respective manufacturers to be free of any contaminants that have agonist TLR activity.

Assessing neutrophil function {#sec009}
-----------------------------

To assess neutrophil activation, neutrophils ± platelets were incubated with anti-CD16-BV421 (clone 3G8), anti-CD66b-BB515 (clone G10F5), anti-CD11b-BV510 (clone ICRF44), all sourced from Becton Dickinson, and anti-CD62L-APC (DREG-56; BioLegend, San Diego, CA, USA), or the appropriate isotype control for 50 minutes at 4°C, followed by fixation. To assess neutrophil phagocytosis, cells were incubated with Trypan blue to quench fluorescence from surface-bound latex beads-FITC as recommended by the manufacturer, and were then washed and fixed. All samples were run on a FACSCanto II flow cytometer (Becton Dickinson), and data were analyzed using FlowJo software (v10.0.7, Tree star).

For measuring neutrophil activation, neutrophils were identified firstly by doublet exclusion and secondly by high expression of CD16, as outlined in [S2 Fig](#pone.0223444.s002){ref-type="supplementary-material"}. Representative plots of each flow cytometry activation marker (CD66b, CD62L and CD11b) in unstimulated and 100 ng/mL FSL-1 stimulated cultures are given in [Fig 1](#pone.0223444.g001){ref-type="fig"}. Increased cell-surface CD66b and CD11b expression, and increased CD62L shedding (reduced CD62L expression) are all established markers of neutrophil activation \[[@pone.0223444.ref028], [@pone.0223444.ref029]\]. For reporting on the expression of CD11b, CD66b and CD62L, delta geometric mean fluorescence intensity (ΔgMFI) was calculated by subtracting the gMFI of the isotype control from the gMFI of each sample for each antibody used. For measuring neutrophil phagocytosis, neutrophils were identified by doublet exclusion. The percentage of neutrophils that were positive for FITC fluorescence (positive for internalizing latex beads conjugated to FITC) was reported. A representative plot of neutrophil phagocytosis is given in [Fig 1](#pone.0223444.g001){ref-type="fig"}. Representative plots of these flow cytometry markers (CD11b, CD66b, CD62L, phagocytosis) with and without the addition of platelets in 100 ng/mL FSL-1 stimulated cultures are given in [Fig 2](#pone.0223444.g002){ref-type="fig"}. Platelets become dimly positive for PAC1, a platelet activation marker, following incubation with these TLR agonists (without the addition of neutrophils), and expression increases when platelets and neutrophils are co-cultured together ([S3 Fig](#pone.0223444.s003){ref-type="supplementary-material"}).

![Detection of neutrophil responses to *in vitro* TLR stimulation by flow cytometry.\
Highly CD16-positive neutrophils were identified as outlined in [S2 Fig](#pone.0223444.s002){ref-type="supplementary-material"}. Representative plots of neutrophil CD66b expression (A), CD62L expression (B) and CD11b expression (C) are shown for unstimulated and FSL-1 (100 ng/mL)-stimulated neutrophils following 4 hours of culture. CD66b and CD11b expression levels increase following neutrophil activation, while CD62L levels decrease (CD62L is shed from the neutrophil surface). A representative plot of neutrophil phagocytic activity, as measured by the percentage of latex bead-FITC-positive neutrophils (indicating % of neutrophils that have internalized latex beads conjugated to FITC), is shown for unstimulated and FSL-1-stimulated (100 ng/mL) conditions (D).](pone.0223444.g001){#pone.0223444.g001}

![Platelets modulate neutrophil responses to *in vitro* TLR stimulation.\
Representative plots of neutrophil CD66b expression (A), CD62L expression (B), CD11b expression (C), and neutrophil phagocytic activity (D) are shown for neutrophils stimulated with 100 ng/mL FSL-1, with and without the addition of platelets.](pone.0223444.g002){#pone.0223444.g002}

Elastase secretion (Abcam, Cambridge, United Kingdom) and IL-8 secretion (Thermo Fisher Scientific, Waltham, MA, USA) was measured by ELISA, as per the manufacturers' instructions.

Statistical analysis {#sec010}
--------------------

Continuous variables are expressed as mean ± standard deviation. In the absence of platelets, the changes in markers of neutrophil function in response to TLR stimulation were examined using one-way ANOVA with post-hoc Dunnett multiple comparison tests. To examine the effect of platelets on the neutrophil response to TLR stimulation, each baseline (- platelets) neutrophil only measurement was normalized to 1 and each platelet co-culture (+ platelets) measurement was reported as a relative change. Differences in these relative changes (- platelets vs. + platelets) were examined using a repeated measures two-way ANOVA (row factor as culture condition, column factor as ± platelets) with post-hoc Sidak multiple comparison tests (to compare row means across the column factor) using GraphPad Prism 7 (GraphPad Software Inc.).

Results {#sec011}
=======

Platelets differentially modulate markers of neutrophil activation in response to TLR stimulation {#sec012}
-------------------------------------------------------------------------------------------------

In the absence of platelets, stimulation with each TLR agonist induced a significant increase in neutrophil CD66b and CD11b expression and a significant decrease in CD62L expression (indicating increased CD62L shedding). Expression of these markers under each culture condition is shown in Figs [3](#pone.0223444.g003){ref-type="fig"}--[5(A)](#pone.0223444.g005){ref-type="fig"}, and is tabulated in [S1](#pone.0223444.s004){ref-type="supplementary-material"}, [S2](#pone.0223444.s005){ref-type="supplementary-material"} and [S3](#pone.0223444.s006){ref-type="supplementary-material"} Tables. Incubation with 1 and 100 ng/mL of each TLR agonist represented sub-maximal and maximal stimulation, respectively. In response to TLR stimulation, the addition of platelets differentially affected these expression levels (Figs [3](#pone.0223444.g003){ref-type="fig"}--[5(B)](#pone.0223444.g005){ref-type="fig"}, [Table 1](#pone.0223444.t001){ref-type="table"}). All three markers of neutrophil activation (CD66b and CD11b expression, CD62L shedding) measured in this study were attenuated by platelets, and were sensitive to modulation by platelets only in response to Pam3CSK4 and FSL-1, but not in response to LPS.

![Neutrophil CD66b expression ± platelet co-culture.\
Raw CD66b expression results are shown in (A). CD66b was measured as ΔgMFI without platelets (- platelets) and with platelets (+ platelets) in unstimulated or TLR-stimulated cultures. For each culture condition, paired measurements (- platelets vs. + platelets) are linked with a solid black line for n = 10 healthy subjects. Relative change in the presence of platelets is shown in (B). ΔgMFI in neutrophil only cultures (- platelets) was normalized to 1 (ble) and each co-culture measurement (+ platelets) was compared to this normalized response. Differences between expression with and without platelets were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*\*\*p\<0.001, \*\*\*\*p\<0.0001.](pone.0223444.g003){#pone.0223444.g003}

![Neutrophil CD62L expression ± platelet co-culture.\
Raw CD62L expression results are shown in (A) for each culture condition, with each paired measurement (- platelets vs. + platelets) linked with a solid black line. CD62L expression is expressed on resting neutrophils, and is shed from the neutrophil surface in response to stimulation. Relative change in the presence of platelets is shown in (B), compared against measurements from neutrophil-only cultures, which were normalized to 1 (ble). Differences in expression (- platelets vs. + platelets) were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*\*p\<0.01, \*\*\*\*p\<0.0001.](pone.0223444.g004){#pone.0223444.g004}

![Neutrophil CD11b expression ± platelet co-culture.\
Raw CD11b expression results are shown in (A) for each culture condition, with each paired measurement (- platelets vs. + platelets) linked with a solid black line. Relative change in the presence of platelets is shown in (B), compared against measurements from neutrophil-only cultures normalized to 1 (ble). Differences in expression (- platelets vs. + platelets) were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001.](pone.0223444.g005){#pone.0223444.g005}

10.1371/journal.pone.0223444.t001

###### Relative change in neutrophil markers measured by flow cytometry in neutrophil-platelet co-culture.

![](pone.0223444.t001){#pone.0223444.t001g}

                       \+ platelets[^1^](#t001fn001){ref-type="table-fn"}                                                                                                                                     
  -------------- ----- ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------
  Unstimulated   \--   0.97 ± 0.04                                                  1.09 ± 0.14                                                  **0.85 ± 0.13**[\*\*\*](#t001fn004){ref-type="table-fn"}     **2.70 ± 1.10**[\*\*\*\*](#t001fn005){ref-type="table-fn"}
  LPS            1     0.92 ± 0.17                                                  1.06 ± 0.27                                                  0.96 ± 0.19                                                  1.08 ± 0.15
                 100   1.00 ± 0.12                                                  1.00 ± 0.21                                                  0.93 ± 0.14                                                  1.03 ± 0.12
  Pam3CSK4       1     0.94 ± 0.12                                                  0.99 ± 0.14                                                  **0.88 ± 0.09**[\*\*](#t001fn003){ref-type="table-fn"}       **1.78 ± 0.76**[\*\*\*\*](#t001fn005){ref-type="table-fn"}
                 100   **0.82 ± 0.11**[\*\*\*\*](#t001fn005){ref-type="table-fn"}   **1.25 ± 0.42**[\*\*\*\*](#t001fn005){ref-type="table-fn"}   **0.85 ± 0.16**[\*\*\*](#t001fn004){ref-type="table-fn"}     1.17 ± 0.33
  FSL-1          1     **0.84 ± 0.09**[\*\*\*](#t001fn004){ref-type="table-fn"}     **1.19 ± 0.13**[\*\*](#t001fn003){ref-type="table-fn"}       **0.81 ± 0.12**[\*\*\*\*](#t001fn005){ref-type="table-fn"}   **1.41 ± 0.31**[\*](#t001fn002){ref-type="table-fn"}
                 100   0.94 ± 0.10                                                  **1.19 ± 0.35**[\*\*](#t001fn003){ref-type="table-fn"}       **0.88 ± 0.15**[\*\*](#t001fn003){ref-type="table-fn"}       1.11 ± 0.13

^1^ For each subject, all neutrophil only measurements (- platelets) were normalized to 1, and all co-culture measurements (+ platelets) were compared to this normalized response. Relative change in ΔgMFI (CD66b, CD62L, CD11b) or % phagocytosis presented as mean ± standard deviation for n = 10 healthy subjects. Differences (- platelets vs. + platelets) were examined by a repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests.

\*p\<0.05

\*\*p\<0.01

\*\*\*p\<0.001

\*\*\*\*p\<0.0001.

Addition of platelets attenuated CD66b expression by 18% in response to high-dose (100 ng/mL) Pam3CSK4, and by 16% in response to low-dose (1 ng/mL) FSL-1 ([Fig 3B](#pone.0223444.g003){ref-type="fig"}, all p\<0.01). With platelet co-culture, neutrophil CD62L expression was higher in response to high-dose Pam3CSK4 (25% higher, p\<0.0001) and both doses of FSL-1 (19% higher, p\<0.01) compared to neutrophil-only cultures ([Fig 4B](#pone.0223444.g004){ref-type="fig"}). These results indicate that platelets attenuate neutrophil CD62L shedding under these conditions.CD11b expression was attenuated in the presence of platelets in response to both Pam3CSK4 and FSL-1 (12% to 19% reduction across these culture conditions, all p\<0.01, [Fig 5B](#pone.0223444.g005){ref-type="fig"}). Platelets also modulated CD11b expression in unstimulated cultures (15% reduction, p\<0.001).

Platelets enhance neutrophil phagocytosis in unstimulated cultures and in response to some TLR agonists {#sec013}
-------------------------------------------------------------------------------------------------------

Compared to unstimulated cultures, baseline neutrophil phagocytic activity (in the absence of platelets) was significantly increased in response to all TLR agonist conditions ([Fig 6A](#pone.0223444.g006){ref-type="fig"}, [S4 Table](#pone.0223444.s007){ref-type="supplementary-material"}). In this study, phagocytosis was defined as the percentage of neutrophils that were positive for FITC fluorescence, indicating internalization of latex beads conjugated to FITC that were added to all neutrophil cultures. In unstimulated cultures, the percentage of neutrophils that were positive for phagocytosis was 2.7-fold higher with the addition of platelets, compared to neutrophils alone (p\<0.0001, [Fig 6B](#pone.0223444.g006){ref-type="fig"}, [Table 1](#pone.0223444.t001){ref-type="table"}). Platelet co-culture also resulted in a higher rate of phagocytosis seen in response to low-dose Pam3CSK4 (1.78-fold higher) and low-dose FSL-1 (1.41-fold higher, both p\<0.05, [Fig 6B](#pone.0223444.g006){ref-type="fig"}).

![Neutrophil phagocytosis ± platelet co-culture.\
Phagocytosis was measured as the % of the neutrophil population that was FITC-positive (positive for internalizing latex beads conjugated to FITC) under each culture condition. Raw phagocytosis results are shown in (A). Relative change in the presence of platelets is shown in (B), compared against measurements from neutrophil-only cultures normalized to 1 (ble). Differences in expression (- platelets vs. + platelets) were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*p \<0.05, \*\*\*\*p\<0.0001.](pone.0223444.g006){#pone.0223444.g006}

Platelets modulate elastase and IL-8 secretion by neutrophils {#sec014}
-------------------------------------------------------------

Both elastase and IL-8 secretion were assessed from the supernatant of neutrophil-only and neutrophil-platelet co-cultures. Baseline secretion (-platelets) of both markers increased in response to TLR stimulation ([Fig 7A](#pone.0223444.g007){ref-type="fig"} and [Fig 8A](#pone.0223444.g008){ref-type="fig"}, [S5](#pone.0223444.s008){ref-type="supplementary-material"} and [S6](#pone.0223444.s009){ref-type="supplementary-material"} Tables). For elastase, the increase in secretion was only statistically significant in response to low-dose (1 ng/mL) TLR stimulation.

![Neutrophil elastase secretion ± platelet co-culture.\
Raw elastase measurements are shown in (A) for each culture condition. Relative change in the presence of platelets is shown in (B), compared against measurements from neutrophil-only cultures normalized to 1 (ble). Differences in expression (- platelets vs. + platelets) were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*\*p\<0.01.](pone.0223444.g007){#pone.0223444.g007}

![Neutrophil IL-8 secretion ± platelet co-culture.\
Raw IL-8 measurements are shown in (A) for each culture condition. Relative change in the presence of platelets is shown in (B), compared against measurements from neutrophil-only cultures normalized to 1 (ble). Differences in expression (- platelets vs. + platelets) were examined by repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests. \*\*\*p\<0.001.](pone.0223444.g008){#pone.0223444.g008}

With the addition of platelets, elastase secretion was significantly lowered by 18% in unstimulated cultures (p\<0.01, [Fig 7B](#pone.0223444.g007){ref-type="fig"}, [Table 2](#pone.0223444.t002){ref-type="table"}), and the increase in elastase secretion following low-dose TLR stimulation was also attenuated by platelets (17% to 19% reduction; all p\<0.01). The presence of platelets significantly altered IL-8 secretion only in response to low-dose LPS: the increase in IL-8 secretion with this dose was 1.28-fold greater in platelet co-culture (p\<0.001, [Fig 8B](#pone.0223444.g008){ref-type="fig"}, [Table 2](#pone.0223444.t002){ref-type="table"}).

10.1371/journal.pone.0223444.t002

###### Relative change in neutrophil secretory products in neutrophil-platelet co-culture.

![](pone.0223444.t002){#pone.0223444.t002g}

                       \+ platelets[^1^](#t002fn001){ref-type="table-fn"}       
  -------------- ----- -------------------------------------------------------- ----------------------------------------------------------
  Unstimulated   \--   **0.82 ± 0.13**[\*\*](#t002fn003){ref-type="table-fn"}   0.94 ± 0.24
  LPS            1     **0.83 ± 0.14**[\*\*](#t002fn003){ref-type="table-fn"}   **1.28 ± 0.28**[\*\*\*](#t002fn004){ref-type="table-fn"}
                 100   0.93 ± 0.31                                              1.00 ± 0.18
  Pam3CSK4       1     **0.81 ± 0.23**[\*\*](#t002fn003){ref-type="table-fn"}   1.15 ± 0.45
                 100   0.87 ± 0.19                                              0.94 ± 0.30
  FSL-1          1     **0.81 ± 0.13**[\*\*](#t002fn003){ref-type="table-fn"}   1.05 ± 0.51
                 100   0.89 ± 0.13                                              0.99 ± 0.14

^1^ For each subject, all neutrophil only measurements (- platelets) were normalized to 1, and all co-culture measurements (+ platelets) were compared to this normalized response. Relative change in secretory products presented as mean ± standard deviation for n = 10 healthy subjects. Differences (- platelets vs. + platelets) were examined by a repeated measures two-way ANOVA with post-hoc Sidak multiple comparisons tests.

\*p\<0.05

\*\*p\<0.01

\*\*\*p\<0.001.

Discussion {#sec015}
==========

We demonstrate that platelets differentially modulate several neutrophil functions in a TLR agonist-specific and dose-specific manner. Furthermore, platelets can attenuate some, and simultaneously augment other, neutrophil functions. A summary of the results described in this study is given in [Table 3](#pone.0223444.t003){ref-type="table"}. The influence of platelets on the expression of three well-characterized flow cytometric markers of neutrophil activation were assessed in this study. Platelets attenuated the expression of both CD66b and CD11b on neutrophils stimulated with Pam3CSK4 and FSL-1 and, additionally, CD11b expression was also attenuated in unstimulated cultures. In response to these TLR agonists, neutrophil CD62L expression was higher in the presence of platelets, indicating reduced CD62L shedding under these culture conditions. Conversely, neutrophil phagocytosis was significantly higher in co-culture both without stimulation and with TLR stimulation (Pam3CSK4 and FSL-1). Platelets did not alter the expression of any of these markers in response to LPS. We also assessed the effect of platelets on two neutrophil secretory products. Elastase secretion was attenuated in the presence of platelets in unstimulated cultures as well as in response to low-dose stimulation with all three TLR agonists. We also show that the increase in IL-8 secretion in response to low-dose LPS was further increased in the presence of platelets. In conclusion, platelets modify a number of neutrophil functions in both the absence of stimulation and in response to TLR stimulation. Additionally, it is interesting to note that platelets have a dampening effect on a majority of the markers examined here (CD66b and CD11b expression, CD62L shedding and elastase secretion).

10.1371/journal.pone.0223444.t003

###### Summary of the effect of platelets on the markers of neutrophil function assessed in this study.

![](pone.0223444.t003){#pone.0223444.t003g}

                       \+ platelets                   
  -------------- ----- -------------- --- --- --- --- ---
  Unstimulated   \--                      ↓   ↑   ↓   
  LPS            1                                ↓   ↑
                 100                                  
  Pam3CSK4       1                        ↓   ↑   ↓   
                 100   ↓              ↑   ↓           
  FSL-1          1     ↓              ↑   ↓   ↑   ↓   
                 100                  ↑   ↓           

Red shaded/↓, relative change was statistically significantly decreased with platelets; Blue shaded/↑, relative change in marker was statistically significantly increased with the addition of platelets.

This study was conducted to further investigate the findings of our previous study \[[@pone.0223444.ref016]\], where we demonstrated that platelets regulate a number of leukocyte responses to TLR stimulation. Here, we have expanded on the number of neutrophil functions examined, and demonstrate that platelets are able to exert both stimulatory and dampening effects on these functions. These results contribute to a growing body of evidence indicating that platelets play a dual role in inflammation. While platelets have traditionally been considered pro-inflammatory \[[@pone.0223444.ref021], [@pone.0223444.ref030]\], a number of studies \[[@pone.0223444.ref015], [@pone.0223444.ref016], [@pone.0223444.ref027], [@pone.0223444.ref031]--[@pone.0223444.ref034]\] indicate that platelets can limit inflammation by dampening leukocyte-mediated pro-inflammatory processes. Platelets are postulated to provide these cues to limit host damage that can occur during excessive inflammation, such as during sepsis \[[@pone.0223444.ref011]\]. Thus, it is likely that the context plays an important role in determining the platelet response during inflammation.

The activation of neutrophils is widely associated with changes in expression of CD66b, CD11b and CD62L \[[@pone.0223444.ref028], [@pone.0223444.ref029]\], and these markers function across a number of neutrophil responses including degranulation, transmigration and phagocytosis \[[@pone.0223444.ref035]--[@pone.0223444.ref038]\]. We show, here, that platelets can attenuate CD66b expression and this is consistent with our previous work \[[@pone.0223444.ref016]\], where we show that platelets reduced CD66b expression (relative reductions of 14--19%) in response to stimulation with Pam3CSK4 and FSL-1. We also show that platelets similarly dampen neutrophil CD11b expression and CD62L shedding. These results are in agreement with the findings of Corken et al. \[[@pone.0223444.ref039]\], who demonstrated that the loss of a single platelet receptor, GPIb-IX, was sufficient to increase the level of neutrophil Mac-1 (CD11b/CD18) expression that occurs 24 hours post onset of sepsis in a mouse model of polymicrobial sepsis.

The expression of all three markers remained unchanged by platelets in response to LPS; platelets were only able to significantly alter neutrophil activation in response to Pam3CSK4 and FSL-1. It interesting to consider what drives a difference in the magnitude of the platelet effect in response to these TLR agonists. As both Pam3CSK4 and FSL-1 signal through TLR2 heterodimers, while LPS signals through TLR4, this may be due to differential platelet-TLR signal transduction. Platelet-TLR signal transduction has been most well-studied in response to Pam3CSK4, and platelet-TLR2/1 signalling has shown to induce Src- and Syk- family kinases \[[@pone.0223444.ref040], [@pone.0223444.ref041]\], which mimics the signalling pathway of common haemostatic platelet receptors \[[@pone.0223444.ref042]\]. It may be that platelets can exert greater effects on neutrophils following stimulation with TLR2 agonists due to the ability to recruit or mimic haemostatic receptor pathways. However, comparing the differences in signalling induced by each TLR agonist has yet to be determined, and is an outstanding question in this field.

We show that platelets can enhance neutrophil phagocytosis both with and without TLR stimulation (low doses of Pam3CSK4 and FSL-1). These observations are consistent with prior reports: phagocytosis of periodontopathogens by neutrophils can be enhanced by platelets \[[@pone.0223444.ref043]\], and neutrophils within platelet-neutrophil complexes have increased phagocytic activity when compared to neutrophils that did not bind to platelets \[[@pone.0223444.ref026]\]. In our study, platelets did not further increase phagocytic activity under any other stimulation condition (high-dose TLR stimulation and low-dose LPS stimulation). In the absence of platelets, phagocytosis under these culture conditions was uniformly increased (65--70% of neutrophils were FITC+). One explanation for the absence of a platelet response here may be that the 'maximum' phagocytic activity seen under these conditions limits the ability of platelets to further enhance this activity.

Within this study, we also assessed the effect of platelets on elastase and IL-8 secretion by neutrophils. The platelet effect seen in response to low-dose TLR stimulation that we report in this study mirrors the results from our previous work \[[@pone.0223444.ref016]\], and is also in agreement with others \[[@pone.0223444.ref026]\]. Elastase is a potent serine protease which can degrade a multitude of plasma and extracellular matrix proteins. As such, extracellular elastase is a powerful bacterial killing mechanism \[[@pone.0223444.ref044]\] but has also been implicated in acute and chronic inflammatory host damage \[[@pone.0223444.ref045], [@pone.0223444.ref046]\]. Platelets may dampen elastase secretion as a mechanism to prevent inflammatory host damage. Conversely, platelets modulated IL-8 secretion only in response to low-dose LPS. IL-8 is an important pro-inflammatory chemoattractant protein \[[@pone.0223444.ref047]\] and it may be that, under particular stimulation conditions, platelets can increase neutrophil IL-8 secretion and enhance further neutrophil chemoattraction to the site of inflammation. However, it is unclear why an effect of platelets was only observed under this condition. Examining a larger panel of cytokines and chemokines secreted is required to contextualize the significance of this platelet effect on IL-8 secretion.

The combination of the platelet effects described in this study suggest that platelets can both augment and attenuate neutrophil functions, and modulation of these functions can occur in both the absence and presence of TLR stimulation. For example, we show that platelets can simultaneously reduce elastase secretion and increase phagocytic activity in unstimulated cultures. Similarly, these opposing effects are seen following stimulation with Pam3CSK4 and FSL-1. The opposing effect of platelets noted here may be a mechanism for enhancing particular anti-microbial functions (for example, phagocytosis) while dampening neutrophil functions that are more likely to lead to host damage, if unchecked (for example, elastase secretion). Overall, we suggest that platelets finely regulate neutrophil functions, rather than providing broad anti-inflammatory cues to these cells, and we postulate that the platelet effect can modulate some aspects of the inflammatory environment to reduce host damage.

We also note that the platelet effect on these markers of neutrophil function was modulatory, rather than completely inhibitory. Neutrophils are highly reactive and short-lived cells that are crucial to anti-microbial host defence, but have also been implicated in causing inflammatory host damage \[[@pone.0223444.ref048], [@pone.0223444.ref049]\]. Therefore, the inflammatory response must be rapid and robust, but also must be tightly controlled to prevent rampant inflammation. We suggest that platelets are regulators of neutrophil function and, within this role, platelets can act as a brake to neutrophil-mediated inflammation. In this regard, the platelet effect can be considered a mechanism for inflammation control.

We speculate, here, on how these results can be interpreted in the context of clinical pathologies that are characterized by platelet activation and inflammation. The newly-emerging role of platelets as immune regulators in sepsis \[[@pone.0223444.ref011]\], cardiac ischaemia/reperfusion (I/R) injury \[[@pone.0223444.ref017], [@pone.0223444.ref020]\] and acute lung injury (ALI) \[[@pone.0223444.ref050]\] is often juxtaposed against their well-established role in promoting leukocyte-mediated inflammation in these inflammatory diseases. An emerging working hypothesis is that platelets can elicit dual, potentially sequential, roles in inflammation \[[@pone.0223444.ref011], [@pone.0223444.ref020]\]. Platelets can enhance leukocyte infiltration and inflammation to provide anti-microbial protection during infection or to restore haemostasis during sterile inflammation. Furthermore, platelets can then switch their phenotype to temper this inflammatory response to protect from host damage.

In the context of sepsis and septic shock, there has been particular focus on how platelets modulate their cytokine environment. Thrombocytopenia in septic patients \[[@pone.0223444.ref051]\] and platelet depletion in mouse models of sepsis \[[@pone.0223444.ref018], [@pone.0223444.ref052]\] is associated with mortality, and the loss of platelets can drive an elevation in plasma pro-inflammatory cytokines (TNFα and IL-6) in septic mice \[[@pone.0223444.ref018], [@pone.0223444.ref053], [@pone.0223444.ref054]\]. We also add that, in this study, platelets can dampen neutrophilic inflammation in a stimulus-specific manner. Conversely, unregulated NET formation, propagated by platelet-neutrophil interactions \[[@pone.0223444.ref002]\], can cause significant host damage during sepsis by initiating intravascular thrombosis \[[@pone.0223444.ref024], [@pone.0223444.ref055]\]. To add complexity, NETs have also been shown to degrade cytokines and chemokines and, consequently, reduce inflammation \[[@pone.0223444.ref056]\].

In a similar vein, platelets can exacerbate \[[@pone.0223444.ref023], [@pone.0223444.ref057]\] and protect against \[[@pone.0223444.ref058], [@pone.0223444.ref059]\] ALI. Platelets have been shown to mediate these opposing effects via their interaction with neutrophils. For example, platelet-neutrophil cross-talk is essential to early inflammatory responses in the lung \[[@pone.0223444.ref023], [@pone.0223444.ref057]\], but these aggregates can also specifically produce and process the pro-resolving mediator, Maresin 1, to reduce lung inflammation \[[@pone.0223444.ref059]\]. The ability of platelets to propagate and resolve inflammation is particularly important in acute myocardial infarction (AMI) and I/R injury, where the resolution of inflammation in a timely manner is required for optimal myocardial healing and long-term repair \[[@pone.0223444.ref060]\]. In both conditions, platelets are known to have both pro-inflammatory \[[@pone.0223444.ref017], [@pone.0223444.ref061]\] and pro-resolving \[[@pone.0223444.ref020], [@pone.0223444.ref062]\] effects. In a clinical setting, anti-platelet agents are administered as a cornerstone of intervention in AMI. Although necessary to inhibit the pro-thrombotic effects of platelets during AMI, this treatment strategy may inhibit other, more subtle and perhaps beneficial, platelet immune effects. For example, the ability of platelets to control human neutrophil production of reactive oxygen species is reduced by administration of aspirin or clopidogrel \[[@pone.0223444.ref015]\]. In a similar vein, the platelet effect on neutrophil function that we report in this study may also be abolished by potent anti-platelet therapy.

To summarize, the immune functions of platelets are various and diverse. It is likely that the induction of a particular platelet response is a combination of the type of ligand present, the magnitude of the immune response and the type of platelet-leukocyte interaction occurring. In particular, platelets are known to elicit different responses to various agonists \[[@pone.0223444.ref063], [@pone.0223444.ref064]\], which includes the differential release of immunomodulators from their stored granules \[[@pone.0223444.ref065], [@pone.0223444.ref066]\]. This suggests an ability to elicit distinct pro-inflammatory or anti-inflammatory responses depending on the type of inflammatory stimulus received by the platelet population.

Our study had a number of limitations. The methodology was designed to minimize neutrophil activation prior to TLR stimulation, but we cannot be certain that the activation state was not altered by the isolation process. Neutrophils and platelets do not act in isolation and it may be that, within whole blood, the modulation of neutrophil function by platelets differs Additionally, although Pam3CSK4 shows 98.1% purity, we cannot guarantee that this reagent did not contain any contaminants with TLR agonist activity. Finally, we did not assess whether the effect of platelets was directly or indirectly mediated, rather we aimed to examine the holistic platelet effects in this study.

Conclusion {#sec016}
==========

In conclusion, the combination of the platelet effects described in this study suggest that platelets can both augment and attenuate neutrophil functions, and modulation of these functions can occur in both the absence and presence of TLR stimulation. We suggest that platelets regulate neutrophil function in a complex manner, rather than providing broad anti-inflammatory cues to these cells. This platelet effect may modulate some aspects of the inflammatory environment to reduce host damage.

Supporting information {#sec017}
======================

###### Platelets remain quiescent both pre- and post-culture.

Platelets were isolated and probed for activation post-isolation and prior to culture (pre-culture; dashed line). Platelets were then cultured alone in the absence of TLR stimulation for 4 hours (post-culture; solid + filled line), and also probed for activation. To detect activation, platelets were incubated with PAC1-FITC (clone PAC-1, Becton Dickinson) for 30 minutes at 4°C, fixed and analysed. PAC1 expression under both conditions was minimal, when compared to unstained platelets (dot-dashed line). PAC1 is a common platelet activation marker that recognizes the activation-dependent glycoprotein IIb/IIIa complex on the platelet surface.

(TIF)

###### 

Click here for additional data file.

###### Gating strategy to identify neutrophils after 4-hour culture.

Initially, all samples were visualised by SSC-A vs. time to check the flow of cells during acquisition. Doublet exclusion was performed firstly by examining the SSC-A vs. SSC-H profile (A) and secondly by examining the FSC-A vs. FSC-H profile (B). The resulting SSC-A vs. FSC-A profile of the population is shown in (C). Neutrophils were identified as cells that were highly expressing CD16 (D) against the isotype control (E). These representative plots are from a sample of unstimulated neutrophils, and we did not observe a visual difference between unstimulated and stimulated neutrophils using these plots.

(TIF)

###### 

Click here for additional data file.

###### Platelets become dimly positive for PAC1 following incubation with TLR agonists.

Platelets were isolated and cultured alone (dotted line) or with neutrophils (dashed line) for 4 hours in the presence of 100 ng/mL of either LPS (A), Pam3CSK4 (B) or FSL-1 (C). Platelets were stained for PAC1-FITC as described in [S2 Fig](#pone.0223444.s002){ref-type="supplementary-material"}. PAC1 expression under these stimulation conditions was compared to unstimulated platelets (solid + filled line). The shift in PAC1 expression with TLR stimulation was more pronounced for LPS and FSL-1, compared to Pam3CSK4. The same trend was observed when platelets were stimulated with 1 ng/mL of all TLR agonists (data not shown).

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil CD66b expression ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil CD62L expression ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil CD11b expression ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil phagocytosis ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil elastase secretion ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

###### Raw neutrophil IL-8 secretion ± platelet co-culture.

(TIF)

###### 

Click here for additional data file.

FSL-1

:   Fibroblast-stimulating lipopeptide -1

LPS

:   Lipopolysaccharide

NETs

:   Neutrophil extracellular traps

PPP

:   Platelet-poor plasma

PRP

:   Platelet-rich plasma

ROS

:   Reactive oxygen species

TLR

:   Toll-like receptors

WPs

:   Washed platelets
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